It has been previously established that hypophysectomy leads to renal atrophy in rats and that a crude pituitaryderived fraction is effective in restoring kidney weight to the level expected for intact animals of the same body weight. This paper reports that considerable purification ofthe crude renotropic fraction from ovine pituitaries has been achieved and that the purified fraction is capable of restoring kidney weights of hypophysectomized castrated rats to normal values. For example, after five daily subcutaneous injections (135 jig/day) there were significant increases in dry kidney weight and total renal protein and DNA. The pituitary-derived fraction was devoid of somatotropin, contained only trace amounts of corticotropin, y-lipotropin, vasopressin, and prolactin, and had only low levels of thyrotropin and follitropin. Daily injections of prolactin, thyrotropin, and follitropin in doses of 20 jig each failed to stimulate renal growth in hypophysectomized rats. Thus, it seems highly unlikely that these factors are responsible for the observed renal hyperplasia after treatment with the pituitary fraction. The purified renotropic fraction had an isoelectric pH between 8 and 9. On polyacrylamide gel electrophoresis in the presence of detergent and a reducing agent, the renotropic fraction exhibited two major bands and one minor band with mobilities that corresponded to those of a standard lutropin preparation. The renotropic fraction exhibited considerable crossreactivity with an antiserum directed against the lutropin a subunit, suggesting the presence of the common glycoprotein hormone subunit. Moreover, the purified fraction stimulated steroid production by Leydig tumor cells in vitra It is noteworthy, however, that standard ovine lutropin at 135 jig/day failed to exhibit renotropic activity in hypophysectomized castrated rats, although effects were noted at twice that dose. It appears that the renotropic activity represents a pituitary substance that can be separated from lutropin only with difficulty.
ABSTRACT It has been previously established that hypophysectomy leads to renal atrophy in rats and that a crude pituitaryderived fraction is effective in restoring kidney weight to the level expected for intact animals of the same body weight. This paper reports that considerable purification ofthe crude renotropic fraction from ovine pituitaries has been achieved and that the purified fraction is capable of restoring kidney weights of hypophysectomized castrated rats to normal values. For example, after five daily subcutaneous injections (135 jig/day) there were significant increases in dry kidney weight and total renal protein and DNA. The pituitary-derived fraction was devoid of somatotropin, contained only trace amounts of corticotropin, y-lipotropin, vasopressin, and prolactin, and had only low levels of thyrotropin and follitropin. Daily injections of prolactin, thyrotropin, and follitropin in doses of 20 jig each failed to stimulate renal growth in hypophysectomized rats. Thus, it seems highly unlikely that these factors are responsible for the observed renal hyperplasia after treatment with the pituitary fraction. The purified renotropic fraction had an isoelectric pH between 8 and 9. On polyacrylamide gel electrophoresis in the presence of detergent and a reducing agent, the renotropic fraction exhibited two major bands and one minor band with mobilities that corresponded to those of a standard lutropin preparation. The renotropic fraction exhibited considerable crossreactivity with an antiserum directed against the lutropin a subunit, suggesting the presence of the common glycoprotein hormone subunit. Moreover, the purified fraction stimulated steroid production by Leydig tumor cells in vitra It is noteworthy, however, that standard ovine lutropin at 135 jig/day failed to exhibit renotropic activity in hypophysectomized castrated rats, although effects were noted at twice that dose. It appears that the renotropic activity represents a pituitary substance that can be separated from lutropin only with difficulty.
The pituitary is believed to be essential for maintaining normal kidney size because hypophysectomy leads to renal atrophy (1, 2) and prevents the compensatory renal hypertrophy that occurs after unilateral nephrectomy (1, 3, 4) . An earlier study in this laboratory demonstrated that a pituitary-derived fraction restored the atrophic kidneys of hypophysectomized rats to the weights expected for normal animals of the same body weight (5) . Treatment with somatotropin (GH) and corticotropin (ACTH) failed to mimic this effect. This renotropic activity was also observed in hypophysectomized castrated rats, demonstrating that the activity was not mediated solely by androgens which are known to stimulate renal growth in rats (6) . In addition, human choriogonadotropin (hCG) was ineffective in restoring the renal weight of hypophysectomized castrated rats (5) .
In an effort toward final purification and characterization of the pituitary-derived renotropin, the crude renotropic fraction from ovine pituitaries has been extensively purified by use of various chromatographic steps. The results of this work are described herein, as well as results of experiments designed to show that renotropic activity cannot be ascribed to several of the known pituitary hormones including ACTH, GH, follitropin (FSH), thyrotropin (TSH), prolactin, vasopressin, and ,-endorphin. The possible role of lutropin (LH) or substances with physicochemical properties similar to those of LH in mediating these renal effects is discussed.
MATERIALS AND METHODS
Frozen sheep pituitaries were obtained from Pel-Freez Biologicals and from Endocrine Research Supply Company (San Mateo, CA). These were stored at -20°C until processed. Male Sprague-Dawley rats (100-130 g) were obtained from Harlan Industries, Indianapolis, IN. They were housed in a room at 200C which was lighted from 0600 to 2000 hr daily, and they were given water and Wayne Lab-Blox ad lib. Hypophysectomy was performed by the transauricular approach (7) .
Bioassay. Seven days after hypophysectomy or hypophysectomy and castration, subcutaneous injections of 0.5 ml of the test material (dissolved in 0.05 M sodium borate buffer at pH 8.6) were given every morning for 5 days. Twenty-four hours after the final injection, the rats were weighed and decapitated. Both kidneys were decapsulated, washed, and then lyophilized to permit measurement of the dry weight. Testicular weight (TW) was also measured. Completeness of hypophysectomy was always verified by observing that there was no increase in body weight during the pretreatment period (7 days) and occasionally by examination of the sella turcica at the completion of the study. In all assays the body weight (BW) and kidney weight (KW) of individual animals were recorded. Results are reported in terms ofdry KW as % ofBW for individual animals. Student's t test was used for all statistical analyses, and the data are reported as mean ± SEM. Extraction and Purification. Pituitaries were homogenized and extracted at 40C, and the extract was chromatographed as described (5) with a method originally developed to prepare GH (8) . Briefly, frozen pituitaries (150 g) were homogenized in 0.05 M sodium borate buffer (pH 8.6). After centrifugation, the supernatant was chromatographed on a column of DEAE-cellulose (Whatman DE52) developed with discontinuous ionic gra-Abbreviations: ACTH, corticotropin; BW, body weight; FSH, follitropin; GH, somatotropin; hCG, human choriogonadotropin; IEF, isoelectric focusing; KW, kidney weight; LH, lutropin; RIA, radioimmunoassay; TSH, thyrotropin; TW, testicular weight. * Portions of these studies were presented at the Sixth International Congress ofEndocrinology, February 10-16, 1980, Melbourne, Australia.
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dients at pH 8.6. Most ofthe pituitary GH is eluted in the first major fraction (8) , and renotropic activity was shown to be present in the second major fraction (5)-i.e., DEAE-fraction II. This fraction was then chromatographed on a CM-cellulose (Whatman CM52) column developed with a continuous ionic gradient at pH 6.0. The active fraction from this column was rechromatographed on another cation-exchange column, developed this time with a pH gradient followed by 0.3 M NaCl at pH 8.6. Next, the active fraction was chromatographed on a Sephadex G-100 column. After this, isoelectric focusing (IEF) was used, and the active fraction was desalted on a Sephadex G-50 column (0.9 X 50 cm) which was equilibrated and developed with 0.05 M ammonium bicarbonate. In order to minimize the electrofocusing time, an adaptation ofthe method described earlier (9) was used. The pH gradient was established (17 hr) without sample, and the fraction was then introduced into the middle of the column and focused for 3 hr.
Bioassay of Renotropic Activity in Ovine Prolactin, FSH, TSH, and LH. Ovine prolactin (30 international units/mg, NIH-P-S-13), FSH (15 units/mg, NIAMDD-oFSH-13), and TSH (7.5 international units/mg, NIAMDD-oTSH-13) were kindly provided by the National Pituitary Agency through the courtesy of S. Raiti and A. F. Parlow. These fractions were administered individually at a daily dose of 20 Ag. Ovine LH was purified from frozen pituitaries (10) and injected at daily doses of 20, 135, and 270 Ag.
NaDodSO4/Polyacrylamide Gel Electrophoresis. Electrophoresis under denaturing conditions was performed in 15% polyacrylamide gels according to the method of Laemmli (11) . The samples were dissolved in a solution containing 2% Na-DodSO4 and 5% mercaptoethanol and heated at 60'C for 1 hr prior to the electrophoretic run. The standard proteins were ovalbumin, pepsin, trypsin, ,B-lactoglobulin, lysozyme, and ovine LH.
Assay of Other Hormones. Glycoprotein a subunit, prolactin, ACTH, TSH, y-lipotropin (LPH), and vasopressin were assayed by radioimmunoassay (RIA). LH bioactivity was assayed by progesterone production from dispersed Leydig tumor cells (12) . ,B-Endorphin was assayed by a radioreceptor assay using a membrane preparation derived from rat brain (13) . FSH and GH were determined using the hCG augmentation bioassay (14) and the tibia bioassay (15), respectively. Serum was collected from trunk blood of decapitated animals and assayed for thyroxine by RIA.
Determination of Total Kidney Protein, RNA, and DNA Content. Dried kidneys were homogenized in distilled water, and protein was measured (16) by using bovine serum albumin (Cohn fraction V, Sigma) as standard. RNA and DNA were extracted (17) , and RNA was measured by absorbance at 260 nm (17) with calf liver RNA (type IV, Sigma) as standard. The precipitated DNA was hydrolyzed (18) and measured by using the diphenylamine reaction (19) with calf thymus DNA (type 1, Sigma) as standard.
RESULTS
Correlation Between BW and KW. As reported (5), KW and BW are linearly correlated in both intact and hypophysectomized male Sprague-Dawley rats. Relative dry KWs (as % of BW) of intact rats were constant between BWs of 100 and 150 g ( Fig. 1) . In hypophysectomized rats, dry KW also was proportional to BW between 100 and 150 g but by 12 days posthypophysectomy relative KWs decreased to about 73% ofthose of intact male rats of similar BW (Fig. 1 ). We reported earlier that GH increased BW and KW in hypophysectomized rats such that relative KW did not increase (5) . Thus, relative dry KW is a better indicator of renotropic activity than is absolute KW 0. because it is not influenced by differences in BW or by GH contamination in the assay samples.
Bioassay Results of the Most Active Renotropic Column Fractions. Representative bioassay results of DEAE-fraction II and ofthe most potent chromatographic fractions derived therefrom are summarized in Table 1 . Due to the relatively small changes in KW upon stimulation with the renotropin-containing fractions, no attempts were made to estimate actual potencies from dose-response curves in the many fractions examined. Rather, single doses of material were injected daily, and responses of relative KW above control were tested for statistical significance by using Student's t test.
Anion-Exchange Chromatography. The average yield of DEAE-fraction II from five preparations was 20.3 g/kg pituitary wet weight. A typical elution profile is shown in Fig. 2A . We also added several proteolytic inhibitors to the extraction buffer and to the first column buffer, but no significant differences were noted in terms ofyield or activity of DEAE-fraction II. Along with the renotropic activity, DEAE-fraction II was found to contain somatotropic activity (as evidenced by an increase of BW) and gonadotropic activity (as shown by an increase of TW); these results are presented in Table 1 . This fraction also contained thyrotropic activity based on serum thyroxine levels. For example, control hypophysectomized animals had a thyroxine level of 12.3 ± 0.8 ng/ml and animals receiving DEAE-fraction II (30 mg/day) had thyroxine levels of 22.0 ± 2.0 ng/ml (P < 0.01). Renotropic activity was also detected in DEAE-fraction I. Daily injections of30 mg of this fraction gave the following relative dry KWs (as % BW): control, 0.152 ± 0.002; DEAE-fraction I, 0.183 ± 0.008 (P < 0.001). DEAE-Fraction III exhibited no renotropic activity with the same dose regimen. Because most of the GH is concentrated in DEAEfraction 1 (8) , this fraction was discarded in favor of DEAE-fraction II as a source for subsequent purification of renotropin.
Cation-Exchange Chromatography. Most ofDEAE-fraction II eluted in the breakthrough volume of the first cation-exchange column (Fig. 2B) . The average yield of the active fraction was 1.34 g/kg of pituitary. In addition to increasing KW, this fraction (CM1-fraction IV) also led to increases both in BW and TW when administered at a dose of 3.8 mg/day (Table  1) .CM1-fractions II and III also stimulated BW and TW (data not shown).
CM1-fraction IV was rechromatographed on CM-cellulose (Fig. 2C) . The majority of the material eluted from the column with a pH gradient between 6.0 and 7.7. Gonadotropic activity Proc. Natl. Acad. Sci. USA 79 (1982) I Data are reported as mean ±+SEM; NS, not significantly different from control (P > 0.05). * Hypophysectomized rats were injected daily for 5 days with either buffer or the amount of the fraction noted. Sacrifice was was noted in CM2-fractions IV, V, and IX, and somatotropic activity was observed in CM2-fractions I, IV, V, and VI. CM2-Fraction IX contained most of the renotropic activity (average yield was 51 mg/kg of pituitary) and had no demonstrable somatotropic activity ( Table 1) .
Gel Exclusion Chromatography. CM2-Fraction IX was chromatographed on Sephadex G-100 (Fig. 2D) , and renotropic activity was found only in the major component (average yield, 16 mg/kg of pituitary). This fraction (G-100-fraction II) also stimulated an increase in TW at 327 pg/day but had no effect on BW (Table 1) .
Isoelectric Focusing. The active fraction from gel filtration was subjected to preparative IEF ( Fig. 2E ). Most ofthe protein in this fraction focused in the pH interval 6-8, and a smaller fraction-focused between pH 8 and 9. However, in other preparations the material focusing between pH 8 and 9 comprised a larger portion ofthe total than that shown in Fig. 2E . Because G-100-fraction II exhibited gonadotropic activity, hypophysectomized castrated rats were used to assay the IEF fractions in order to avoid interference from androgens. Renotropic activity was located exclusively in the more basic fraction IEF-fraction II ( Table 1) , and the average yield was 7 mg/kg ofpituitary. As expected from assays on the less-purified renotropin-containing fractions, IEF-fraction II was devoid of growth-promoting activity. Also, seminal vesicle weight was not increased significantly (control, 14.7 ± 0.8 mg; IEF-fraction II, 16.0 ± 2.8 mg) by daily doses of 135 ug. This fraction (at 135 ,tg daily) also led to significant increases in renal protein and DNA content, but the increase in RNA content did not achieve statistical significance (Table 2) .
Polyacrylamide Gel Electrophoresis of IEF-FractionII. The most purified renotropic fraction (IEF-fraction II) was analyzed by polyacrylamide gel electrophoresis in the presence of Na-DodSO4 under reducing conditions. The stained gels exhibited two major bands with apparent molecular weights of23,500 and 22,000; a minor band with an apparent molecular weight of 41,500 was also observed (data not shown). The relative mobilities of the bands were identical to those exhibited by the purified LH standard.
Assays for Known Hormones in IEF-Fraction II and G-100-Fraction II. For brevity, numerous assay results are simply summarized in this section. The G-100-fraction II (1.4 mg over 4 days) exhibited no somatotropic activity in the tibia assay. Data depicted in Table 1 also failed to show somatotropic activity, based on changes in body weight. RIA of IEF-fraction II with appropriate standards also demonstrated that ACTH, prolactin, 'y-lipotropin, and vasopressin were present in no more than trace amounts-0.03%, 0.5%, 0.1%, and 0.0003% by weight, respectively. Also, there was no detectable /&endorphin or enkephalin in DEAE-fraction II as judged by a radioreceptor assay; from the doses tested and the sensitivity of the assay, 83endorphin could be no more than 5 X 10-5% by weight. With the hCG augmentation bioassay, the FSH contamination in G-100-fraction II was found to be about 0. 7% by weight or 1 unit/ mg. However, we did find evidence for both TSH and LH in IEFfraction II. When 135 ,ug of this fraction was injected daily into hypophysectomized castrated rats for 5 days, the serum thyroxine levels increased from 13.1 ± 0.2 ng/ml (control) to 19.4 ng/ml; this was significant (P = 0.001). By comparison, serum thyroxine levels in intact rats are reported to be 64 ng/ml (20) . A TSH-specific RIA showed that the TSH content of IEF-fraction II was <3% by weight. RIA indicated that, in IEF-fraction II, at least 50% by weight was pituitary glycoprotein hormones containing an a subunit [LLH, FSH, and TSH (21) ]. This fraction also stimulated steroid production in Leydig tumor cells; therefore, LH appeared to be a component ofthe renotropic fraction.
Assays for Renotropic Activity in, Ovine Prolactin, FSH, TSH, and LH. Purified preparations of prolactin, FSH, TSH, and LH were assayed at daily doses of 20 ,g in hypophysectomized rats, and none of the hormones led to a stimulation in KW (data not shown). The dose of TSH (0.15 international unit/ day) was sufficient to stimulate serum thyroxine levels significantly (control, 11.4 ± 1.4 ng/ml; TSIH-treated, 17.4 ± 1.0 ng/ ml; P < 0.001). Likewise, daily doses of 20 ug of TSH failed to stimulate KW in hypophysectomized castrated animals. The purified ovine LH preparation was also assayed in hypophysectomized castrated rats at daily doses of 135 and 270 ,ug. Renotropic activity was found only with animals treated with the higher dose; the relative KW (as % BW) were (n = 6): control, 0.161 ± 0.003; 135 ug of LH, 0.160 ± 0.005; 270 ,ug of LH, 0.171 ± 0.003 (P < 0.05). Therefore, renotropic activity ap- The fractions were pooled as indicated, dialyzed, and lyophilized. The active fractions were then reconstituted in the equilibrating buffer of the next column and centrifuged, and the supernatant was applied to the column. (CM fraction I in B and C was the previous active fraction that did not dissolve in the starting buffer.) (A) Anion-exchange chromatography (DEAE-cellulose) of a pituitary homogenate from 150 g of tissue. The column (2.6 x 90 cm) was developed at 110 ml/hr (24 The pH gradient was prepared by mixing 40% Pharmacia Ampholines (e.g., 5 ml each of pH 6.5-9 and pH 8-10.5 and 1 ml of pH 3-10); glycerol was used as the supporting medium.
Individual fractions (1 ml) were collected at a flow rate of 1 ml/min, and the pH and absorbance (280 nm) of each tube were determined at room temperature. Because Ampholines interfered with the absorption at 280 nm, the absorbance of fractions from a blank run was subtracted from corresponding fractions obtained from electrofocusing of the sample. peared to be present to a very minor degree in "purified" LH preparations.
DISCUSSION
The results reported herein confirm earlier studies from which it was concluded that rat kidneys atrophy after hypophysectomy (1, 2) . In turn, this suggests the presence of a pituitary factor which, either directly or indirectly, maintains a normal KW/ BW ratio under physiologic conditions. In this context it is noteworthy that, in hypophysectomized rats, simply by force feed- Table 1 for details of dosage and injection protocol. The animals used in this experiment were those for which data were presented for IEF-fraction II in Table 1 (n = 11 and 5 for buffer and TEF-F I1-treated, respectively). The % change in relative dry KW (% BW) was 6.8 ± 1.6 (P < 0.01). * For difference, P < 0.02. t Difference not significant. ing Levin could induce an increase in BW equal to that in intact animals (22) . Yet, he was unable to prevent renal atrophy, thus indicating that the atrophy resulted from the deficiency of a pituitary hormone rather than from an altered nutritional state after hypophysectomy.
GH activity was not present in the most purified renotropic fraction, and only trace amounts of ACTH were found. Earlier we showed that, when assayed at the same levels found in the crude renotropic fraction, combinations of these hormones were unable to stimulate renal growth (5) . Thus, the renotropic activity of our fraction does not appear to reside in GH or ACTH. In this context, it is noteworthy that others have reported ACTH to be ineffective in inducing compensatory renal hypertrophy in hypophysectomized, unilaterally nephrectomized male rats (23) . In contrast, it has been claimed that large doses of ACTH will stimulate renal growth in intact (24) and uninephrectomized (25) female rats.
The IEF fraction contained some TSH (<3% by weight) when measured by specific RIA and by stimulation of serum thyroxine in hypophysectomized castrated rats. Nonetheless, exogenous TSH (20 ,tg/day) failed to stimulate renal growth in hypophysectomized and hypophysectomized castrated rats; this dose is at least 5 times that present in the more purified renotropic fraction.
The opiate peptide (3-endorphin has been reported to stimulate renal ornithine decarboxylase and has been suggested to Proc. Nad Acad. Sci. USA 79 (1982) Proc. NatL Acad. Sci. USA 79 (1982) 6679 be a renal growth factor (26) . However, we were unable to detect any /3-endorphin in our crude renotropic fraction. Prolactin, y-lipotropin, and vasopressin were present in the most purified fraction in trace amounts only, and prolactin was without effect on KW when given to hypophysectomized rats at 20 ug/ day for 5 days. This dose ofprolactin is at least 30 times greater than the amount present in 135 ,ug ofIEF-fraction II. FSH was present in G-100-fraction II at 1% by weight, and the same amount of FSH (20 ug) exhibited no renotropic activity when given daily for 5 days. Moreover, FSH has a much more acidic isoelectric pH (4.6) than our active renotropic fraction (27) . Taken collectively these results strongly suggest that the pituitary-derived renotropic activity cannot be ascribed to ACTH, GH, prolactin, TSH, FSH, y-lipotropin, 3-endorphin, or vasopressin. LH, however, is somewhat ofan enigma. Earlier we found that hCG was ineffective in stimulating renal growth in hypophysectomized castrated rats and from this we inferred that direct LH effects seemed unlikely (5) . Yet, standard LH preparations exhibit renotropic activity, and the most purified renotropic fraction we have prepared contains an LH-like material. However, the yield of the active renotropic fraction (7 mg/kg ofpituitary) is considerably less than the pituitary content ofLH (10) . Thus, the purification scheme has apparently selected a small population of LH or LH-like molecules. It is still to be ascertained if the renotropic activity arises from a factor different from LH or is an intrinsic property ofthat hormone. It must be emphasized that our assays with the most purified renotropin fraction were in hypophysectomized castrated animals, and any such biologic action of LH must be distinct from the known effects ofandrogens in stimulating renal hypertrophy (6) . IfLH is the active renotropic factor, then this would represent an interesting case of dissociation of activity between LH and hCG. However, recent studies with hypophysectomized castrated mice suggest that renotropic activity is not an intrinsic property of LH. Using a standard LH preparation that exhibited renotropic activity, we dissociated the gonadotropin into its constituent a and (3 subunits, purified these separately, reassociated them, and purified the recombined a,( complex. This recombinant exhibited LH activity but was devoid ofrenotropic activity (unpublished data). These results suggest that either the chemical and physicochemical properties ofrenotropin and LH must be similar or they may be associated to some extent. Lastly, it is possible that maximal renotropic activity results from synergism between two or more factors. Such a concept is entirely consistent with the findings that various components-e.g., androgens (6), thyroxine (28) , and glucocorticoids (24)-all ofwhich may be under pituitary regulation, influence renal weight.
